t,-Hyponatremia developing some days after transsphenoidal pituitary adenectomy is a treacherous complication of uncertain cause. Of 19 patients monitored in a pilot study at the Wessex Neurological Centre, plasma sodium fell below 125 mmol/liter in three patients at times ranging from 6 to 9 days postoperatively. One patient had evidence of inappropriate secretion of arginine vasopressin (AVP), and the other two probably had steroid insufficiency despite apparently adequate steroid cover. In a more detailed study, the fluid and sodium balance of a further 16 patients was monitored for 7 to 11 days following transsphenoidal surgery together with plasma cortisol, renin, and AVP concentrations. No patient became severely hyponatremic. Three developed partial diabetes insipidus. Two patients with Cushing's disease had evidence of postoperative corticosteroid insufficiency despite normal steroid protection. An inappropriately low plasma cortisol concentration was recorded in both. Plasma AVP concentrations did not show a delayed surge postoperatively. Delayed hyponatremia appears to occur most often in patients with hypoadrenalism, as glucocorticoid cover is decreased. It results from water retention combined with natriuresis, and is reversed by glucocorticoid treatment.
D
ERANGEMENTS of sodium and water balance following transsphenoidal surgery for pituitary tumors are common but generally mild and short-lived. Transient diabetes insipidus followed by a return to normal function is the commonest disturbance. 7 A small number of patients receiving apparently adequate steroid cover have developed significant hyponatremia some days after surgery. Its delayed appearance is treacherous since it coincides with relaxation of the intensive postoperative biochemical monitoring. 9 Its cause is uncertain, but it may be the result of release of antidiuretic hormone (arginine vasopressin, AVP) from a denervated and degenerating posterior pituitary gland. 9 This happens in animals when the pituitary stalk has been transected and the median eminence destroyed, 4'~7 but stalk transection should be an infrequent occurrence during transsphenoidal selective pituitary surgery in man.
Of 19 patients monitored in a pilot study at the Wessex Neurological Centre from March to June, 1983, plasma sodium fell below 125 mmol/liter in three patients at times ranging from 6 to 9 days postoperatively. One patient with hydrocephalus had evidence of inappropriate secretion of AVP; the other two probably had steroid insufficiency despite the normal steroid cover. In a more detailed study, the fluid and sodium balance of a further 16 patients was monitored for 7 to 11 days following transsphenoidal surgery together with plasma cortisol, renin, and AVP concentrations. The only modification to normal management was to control the sodium intake to around 100 mmol/day.
Clinical Material and Methods
Sixteen patients admitted to the Wessex Neurological Centre between September, 1983, and May, 1984, for transsphenoidal pituitary adenectomy were studied * GH = growth hormone; T = hypothyroidism; GT = hypogonadotrophism; C = hypoadrenal function; SSE = suprasellar extension; -= absent; + = present; DI = diabetes insipidus.
t Grade 0 to IV according to the classification of Bigos, et al. 5 from 1 to 2 days preoperatively until their discharge from the unit 7 to 11 days after surgery (Table 1 ). All gave informed consent and the study had the approval of the local ethics committee. The preoperative diagnosis was prolactinoma in five, acromegaly in five, Cushing's disease in two, and nonfunctioning adenoma in four. Dietary sodium was adjusted to around 100 mmol/day. The sodium content of intravenous fluids given in the perioperative period was recorded. Dietary potassium intake was approximately 100 mmol/day. All patients received hydrocortisone cover for surgery according to the following schedule: 1 day before surgery: 1 x 100 mg; day of surgery: 3 • 100 mg; postoperative The state of hydration was assessed clinically at least once daily, blood pressure was measured every 4 hours, and fluid intake and output were recorded. Daily weighing proved very inaccurate and was abandoned. The 24-hour urine samples, collected daily commencing at 8 a.m., were analyzed for sodium, osmolality, and creatinine. The difference between daily sodium intake and urinary excretion was used as an estimate of sodium balance. All the patients remained apyrexial (sweat loss minimal), and the majority tended to be constipated (fecal sodium losses small). At 8 to 8:30 a.m. each day, 20 ml of venous blood was collected on ice, 10 ml into tubes containing 100 ~tl disodium ethylenediaminetetra-acetic acid (EDTA, 400 mmol/liter) for renin and AVP estimation, and 10 ml into lithium heparin. This collection time was 2 hours after the morning dose of hydrocortisone and 60 to 90 minutes after breakfast, when the patients had been in bed but not necessarily lying supine for at least 2 hours. It was decided not to introduce further factors such as overnight fasting, but to study endocrine status during normal management. Blood was centrifuged within 10 minutes of collection and aliquots of plasma were stored at -20"C for hormone analysis.
Control Patients
To obtain control values for plasma AVP and renin from patients under similar ward conditions, nine patients with nonsurgical neurological disorders but no known intracranial pathology were given 100-mmol sodium diets for 3 days. Blood was collected at 8 a.m. on the 2nd and 3rd mornings and a 24-hour urine sample was collected. None of the patients was taking a drug known to influence AVP secretion.
Blood was collected at 8 a.m. for AVP estimation from a further control group of five general surgical patients on the morning before surgery. They were supine but had fasted for at least 8 hours. # AVP = arginine vasopressin (1 pg/ml = 0.92 pmol/liter). Renin is expressed as ng angiotensin I (Ang l)/hr-~/ml -j, which is equal to 1.25 pmol Ang I/hr-l/ml-L w 1 nmol/liter cortisol = 0.036 #g/100 ml cortisol.
Biochemical Analysis
Plasma electrolyte, urea, and creatinine levels were measured by staff of the hospital Biochemistry Laboratory, using a Technicon SP 120 autoanalyzer.* Urinary sodium was analyzed with an Advanced Instruments flame photometer.t Osmolality was measured by freezing point depression by means of an automatic micro-osmometer.~t Plasma cortisol was determined by radioimmunoassay (RIA).t9 Plasma renin concentration was measured by RIA of generated angiotensin I (Ang I) by a method based * Technicon SP 120 autoanalyzer manufactured by Technicon Instrument Corp., Tarrytown, New York.
t Flame photometer manufactured by Advanced Instruments, Needham Heights, Massachusetts.
Automatic micro-osmometer manufactured by Hermann Roebling, Berlin, West Germany.
on that of Stockigt, et al., 2~ after incubation of plasma samples with excess of sheep renin substrate prepared as described by Skinner. z~ Interassay variation was 3.6%.
Plasma AVP was determined by delayed-tracer RIA using a commercial kit,w calibrated against World Health Organization (WHO) AVP preparation 77/501. Plasma was first extracted using octadecasilyl-silica (ODS-silica). Guinea pig anti-vasopressin was used, and iodine-125 (125I)-labeled vasopressin was employed as a tracer. Separation of free and bound hormone was accomplished using a second antibody and polyethylene glycol. Cross reactivity was: AVP 100%, oxytocin 0.01%, vasotocin 0.14%, and desmopressin acetate (DDAVP) 0.8%. In our hands interassay precision was: mean 12.5 pg/ml, coefficient of variance 6.7%. Recovery of WHO standard 77/501 was 101% for 6.4 pg/ml, and 109% for 19.1 pg/ml. Lower limit of sensitivity was 0.6 pg/ml of plasma.
Free Water Clearance
Free water clearance is a measure of the excretion of solute-free water and is a sensitive reflection of AVP action. This calculation was made from the formula: ~2 Cn2o = V -C (ml/min), where V is urinary flow rate (ml/min), and C is osmolar clearance: C = urinary osmolality x V (ml/min). plasma osmolality
Definitions
For the purposes of this paper, certain terms are defined as follows. 2+~8 Complete diabetes insipidus (DI) indicates lack of circulating AVP leading to polyuria of at least 10 to 12 liters/day (approximately 10% of filtered water), with a urinary osmolality below 100 mOsm/kg water. Partial DI means that some AVP is secreted but in amounts insufficient to effect concentration of the urine for water conservation. With partial DI, there is more modest polyuria, generally 3 to 6 liters/day, the urine being hypo-osmolar with respect to plasma, except during fluid deprivation when the urinary osmolality may be higher. Inappropriate secretion of antidiuretic hormone (SIADH) is defined as continued secretion of AVP leading to expansion of the extracellular fluid volume in the setting of a low plasma osmolality, and no discernible stimulus such as dehydration, hypovolemia, hypotension, or drug therapy. Laboratory criteria for SIADH include a low plasma sodium concentration and osmolality, and inappropriately high urinary osmolality with urinary sodium excretion greater than 20 mmol/liter.
Results
In this study, no patient became severely hyponatremic or developed complete DI. Three patients developed partial DI, and two patients had corticosteroid deficiency despite normal steroid replacement. Biochemical results for those patients without a fluid or electrolyte disturbance are summarized in Table 2 .
Sodium Balance
All patients were in positive balance on the day of operation, but all those with complete data were in negative balance by Day 7 (Fig. 1) . The median (range) of urinary sodium excretion (in mmol/24 hrs) from Days 5 to 7 was as follows: Day 5, 147 (7-266) for 16 patients; Day 6, 187 (43-377) for 15 patients; and Day 7, 187 (124-275) for 13 patients.
Plasma A VP Concentrations
Plasma AVP concentrations obtained at 8 a.m. on the preoperative day, before steroid cover was commenced, ranged from 0.6 to 3.8 pg/ml (median 1.0) in nine patients, and was 6.1 pg/ml in Case 15 (receiving lithium carbonate). These values may be compared with those of samples collected under identical conditions from nine patients with nonsurgical neurological disorders (median 1.1 pg/ml, range 0.7 to 4.1 pg/ml) and from five recumbent patients tested before abdominal surgery after fasting for 8 hours (median 1.5 pg/ml, range < 0.6 to 4.0 pg/ml). In order to assess the physiological significance of the assayable AVP, concentrations were related to the free water clearance. There was reasonable agreement between plasma AVP concentrations (from postoperative Day 1) and free water clearance (Fig. 2) . Positive values for free water clearance were associated with very low AVP levels. Postoperative plasma AVP concentrations correlated significantly with plasma osmolality when the latter value was 280 mOsm/kg or greater (p < 0.01, 48 paired values), but not when it was below 280 mOsm/kg.
High plasma AVP values were observed in two patients on the 7th day postoperatively (Table 3 , Cases 10 and 11). Otherwise, values were higher in the early postoperative period (Days 1 to 5) than later (Days 6 to 10), when low concentrations were found. Except for S. J. Whitaker, et al. Case 12 , in which the patient had a plasma sodium level of 133 mmol/liter on Day 2 when her plasma AVP was 11.5 pg/ml, raised AVP levels were not associated with a low plasma sodium concentration.
Disturbances of Salt and Water Balance
Partial Diabetes Insipidus. No patient had complete DI. Three patients (Cases 1 to 3) , all with prolactinomas, had moderate polyuria and were identified as having partial DI. Maximal 24-hour urinary volumes of 7.39, 5.88, and 5.57 liters were recorded in Cases 1, 2, and 3, respectively. The other biochemical data are compatible with AVP deficiency in these patients: urinary osmolalities were generally below plasma values, values for free water clearance were positive, and plasma AVP levels were very low except for one value of 1.1 pg/ml recorded in Case 1 on Day 8 (Table 3) . It seemed very unlikely on clinical grounds that the low AVP levels in these patients reflected a physiological response to fluid retention with hypervolemia. Plasma renin concentrations of 5.6 and 5.8 ng Ang I/hr/ml were recorded on Days 6 and 9 for Case 1, and values of 9.2 and 9.9 ng Ang I/hr-l/ml -~ on Days 6 and 7 for Case 3. These levels were higher than in the other patients at this time (Table 2 ). Free water clearance was related linearly to sodium excretion in Case 1 (Fig. 3) ; when the urinary sodium was low, free water clearance had a negative value, urinary volumes were low (1.30 to 2.15 liters/24 hrs), and urinary osmolalities of 437 and 401 mOsm/kg were achieved. As her urinary sodium excretion increased, free water clearance became positive, urinary volumes increased, and the osmolality decreased to 151 mOsm/kg. Doubling of her sodium intake on Day 5 led to a marked natriuresis (377 mmol) on Day 6, an increase in urinary volume to 7.93 liters, and an increase in free water clearance from +0.41 to +2.33 ml/min. On this day, too, her plasma cortisol concentration was inappropriately low (238 nmol/liter compared with 829 to 1941 nmol/liter for patients without fluid or electrolyte imbalance).
Corticosteroid Insufficiency. Two patients, Cases 11 and 12, had evidence of corticosteroid insufficiency postoperatively, despite receiving normal perioperative steroid cover. Both had Cushing's disease and removal of microadenomas. Both had been treated with metyrapone (plasma half-life 20 to 26 minutes) to decrease cortisol production, until 3 days before surgery in Case 11 and until 1 day preoperatively in Case 12. One of these two patients (Case 11) had headaches and mild malaise from Day 3 after surgery. On Day 7 his headache became worse, and at noon (6 hours after his last hydrocortisone dose) systolic blood pressure fell to 50 m m Hg. He responded well to administration of hydrocortisone and intravenous sodium chloride. During the preceding 24 hours he had had an abrupt natriuresis of 319 mmol of sodium. This was associated with an increase in plasma AVP concentration from 0.9 pg/ml on Day 6 to 18.9 pg/ml on Day 7, a fall in plasma sodium from 144 to 136 mmol/liter, and a decrease of plasma osmolality from 288 to 273 mOsm/kg. Since the creatinine clearance fell from 136.9 to 50.1 ml/min/ 1.73 sq m, and the plasma renin increased (1.2 to 3.8 ng Ang I/hr/ml), the raised AVP secretion in this instance can probably be attributed to a fall in circulating volume.
Case 12 remained asymptomatic postoperatively. This patient was in negative sodium balance from the 2nd postoperative day. Her plasma sodium fell from 136 mmol/liter on Day 5 to 130 mmol/liter on Day 6, and plasma osmolality dropped from 281 to 265 mOsm/kg. The urinary osmolalities were 373 and 731 mOsm/kg, respectively, on Days 5 and 6. She was normotensive at this time. Plasma AVP concentration was 1.6 pg/ml on Day 5 and 0.6 pg/ml on Day 7. No sample was available for analysis on Day 6. On the 7th day postoperatively, her steroids were changed from hydrocortisone, 40 mg twice daily, to prednisolone, 5 mg twice daily. She had a diuresis over the next 48 hours which was associated with a natriuresis and a small decrease in blood pressure. Within 48 hours, the plasma sodium level was 136 mmol/liter and the plasma AVP concentration was 0.8 pg/ml, In this patient, hyponatremia was the result of sodium loss and water retention, and was apparently related to her steroid therapy. An inappropriately low cortisol level was recorded on one occasion for each of these patients, only 2 hours after receiving hydrocortisone: ! 70 nmol/liter (Case 11 on Day 3) and 173 nmol/liter (Case 12 on Day 4). In the other patients, plasma cortisol concentrations on Days 3 and 4 ranged from 523 to 1136 nmol/liter 2 hours after the morning dose of hydrocortisone.
Hyponatremic Patients in Pilot Study. In three patients in the pilot study, the plasma sodium fell below 125 mmol/liter. Two patients probably had a glucocorticoid insufficiency --one had an adenoma removed for treatment of Cushing's disease, the other had a large nonfunctioning adenoma and preoperative hypoadrenalism. Both received normal postoperative cover with hydrocortisone. Starting from Day 5, as the steroid dosage was reduced, both had evidence of water retention. In the first patient, urinary salt loss increased simultaneously, and, in the second, severe natriuresis (425 mmol/24 hrs) occurred 24 hours later. The plasma sodium level fell progressively over the next 4 days, yet both patients remained normotensive, and had a fall in plasma creatinine concentration. Increasing the hydrocortisone led to a water diuresis and to a fall in urinary sodium excretion in both of these patients. Plasma sodium returned to normal. This was the only change in therapy in one patient. In the second, oral sodium was also given. One of the patients had nausea and vomiting which responded to the increase in steroids.
The third patient was different. He had had a transfrontal exploration and incomplete removal of a pituitary adenoma 20 years previously, followed by radiotherapy. He was readmitted with chiasmal compression and recurrent adenoma which was decompressed successfully via a transsphenoidal approach. His obstructive hydrocephalus subsequently decompensated and SIADH developed, which resolved with ventricular drainage.
Discussion
Of the 35 patients in the combined pilot and present studies, seven (22%) had a partial DI and none had complete DI. One patient developed SIADH, and four (12.5%) had evidence of steroid insufficiency. Three of the four patients whose plasma sodium level fell to less than 130 mmol/liter had steroid insufficiency and all responded rapidly to increased hydrocortisone with or without saline. The fourth patient had SIADH. All the patients in the present study were in negative sodium balance after the first 4 or 5 days postoperatively, but, given a controlled sodium intake approximating 100 mmol/day, severe natriuresis was not common. The heaviest sodium loss (377 mmol/day) occurred in a patient whose sodium intake was increased to 226 mmol on the preceding day and whose plasma cortisol concentration was inappropriately low. The pattern of sodium retention at the time of trauma or operation, with subsequent natriuresis as stress subsides and recov-ery commences, is well recognized as part of the normal metabolic response to trauma. ''~5 In the adenectomy patients who received large doses of hydrocortisone perioperatively, reducing the steroid doses may have augmented the sodium loss. Generally, plasma renin concentrations did not increase at this time, and there is no basis for postulating a cerebral salt-losing state 8 in these patients. There is no indication to increase sodium chloride or steroids in most patients, and an increase in sodium intake may even exacerbate the polyuria in some who have mild DI (such as Case 1).
Until recently, methods for analysis of AVP have not been generally available. The preoperative AVP levels in the patients before steroid cover started and in a small number of control patients were similar to those reported for partially hydrated normal subjects.~~ Postoperatively, plasma levels correlated well with plasma osmolality when the latter was more than 280 mOsm/ kg, the threshold osmolality for AVP release.18 Furthermore, the measured values generally fit well with the clinical status of the patient and agreed closely with estimated values for free water clearance, indicating that they reflected biologically active AVP, ~2 although it is uncertain at present how closely. Values were informative in the context of the present study. Excluding the patients with partial DI, plasma concentrations tended to be highest during the first 2 or 3 days after surgery and then declined, as has been observed for patients undergoing general surgery. ~3 Large doses of corticosteroids have been reported to suppress AVP secretion so that a greater increase in plasma osmolality is required for an equivalent stimulation of AVP release. 3 In this study, postoperative values for plasma osmolality were within the range reported for normal subjects (280 to 297 mOsm/kg). 23 There was no "rebound rise" in AVP levels as the steroid doses were reduced.
The maximal urinary volumes of the seven patients with partial DI ranged from 3.87 to 7.69 liters/24 hrs (median 7.25 liters/24 hrs). Plasma AVP was detectable but at very low levels in the three patients in the later study (Cases 1 to 3) . It is probably coincidence that all three of these patients had undergone removal of prolactinomas. Prolactin has a role in water and electrolyte balance in some species, but studies in man have proved equivocal, perhaps because heterologous preparations have been used. In one study, injection ofovine prolactin in man decreased sodium, potassium, and water excretion but, in another, it only decreased free water clearance. More work is needed to define the role of prolactin in man. Hyperprolactinemic patients do not have abnormalities of fluid and electrolyte balance. 22 Two of the four patients with DI in the pilot study had prolactinomas, and two had acromegaly.
Despite receiving the normal full perioperative steroid cover, two patients with Cushing's disease in this study had evidence of postoperative steroid insufficiency, and on one occasion both had inappropriately low plasma cortisol levels within 2 hours of their morn-ing dose of hydrocortisone, In the pilot study, steroid insufficiency developed in one of the two patients with Cushing's disease and in one man with a nonfunctioning adenoma who had evidence of preoperative adrenocortical deficiency. It has become clear that patients who undergo pituitary adenectomy for Cushing's disease have postoperative hydroadrenalism which may persist for over a year after surgery. In one study, the mean time for recovery of normal function of the pituitary-adrenal axis, as assessed in response to insulininduced hypoglycemia, was 17 months.l i Postoperative hypoadrenalism in Cushing's disease probably reflects suppression of normal pituitary adrenocorticotropic hormone (ACTH) secretion by preoperative hypercortisolism and not surgical damageJ 1 Khalid, el al., TM demonstrated that conventional therapy with shortacting glucocorticoids is associated with peaks of high activity and troughs of low activity. The half-time of disappearance of hydrocortisone from plasma was reported as 1.5 hours, and its biological effect is around 3 hours. 16 It seems probable that those patients whose pituitary-adrenal axes are normal can compensate for the troughs in plasma cortisol levels during short-term postoperative steroid cover by producing endogenous cortisol. Since patients with defective ACTH secretion cannot respond in this way, plasma cortisol levels may plummet during the troughs to levels inadequate for the stresses of the early postoperative period. There is a strong case for more cautious reduction of steroid doses, or for more frequent small doses of steroids, in these individuals at risk.
From the present study, it seems unlikely that the primary cause of hyponatremia 6 to 11 days after transsphenoidal pituitary adenectomy is a surge of AVP secretion from degenerating cells of the neurohypophysis. 4"9 Plasma AVP levels were low beginning on the 4th day postoperatively, except in a diabetic patient whose plasma osmolality was raised, and in a patient who became hypovolemic. Of the four patients in the pilot study and present study whose plasma sodium fell to 130 mmol/liter or lower, only one is thought to have had inappropriate secretion of AVP. He was different from the others because he developed obstructive hydrocephalus. The other three patients probably had glucocorticoid insufficiency. In these patients, hyponatremia was the result of both water retention and natriuresis. The fall in plasma sodium was not preceded by a hypotensive episode. Increasing the dose of steroids in two patients and changing to prednisolone in the third resulted in a diuresis and restoration of plasma sodium to a normal value within 48 hours. Since this study was completed, one further patient treated in our unit became severely hyponatremic (plasma sodium 116 mmol/liter). Her fluid and electrolyte disturbance developed as described above, and the plasma sodium increased to 137 mmol/liter 48 hours after the hydrocortisone dose was increased and sodium chloride was infused.
In both animals and man, glucocorticoid insufficiency has been associated with an impairment of water excretion which occurs independently of any evidence of extracellular volume depletion. 6 There is evidence that this is the result of a persistent release of AVP in response to baroreceptor-mediated stimulation at a time when cardiac function is impaired by glucocorticoid deficiency. 6 This mechanism might well have accounted for the water retention observed in the hypoadrenal patients reported here.
